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. Oligonucleotide design, synthesis and gold nanoparticle (AuNP) functionalization S1.1 Oligonucleotide design and synthesis. Oligonucleotides were synthesized on solid supports using reagents obtained from Glen Research and standard protocols. Oligonucleotide sequences were used from previously reported literature. 1 Products were cleaved from the solid support using 30% NH 3 (aq) for 16 hours at room temperature, and purified using reverse-phase HPLC with a gradient of 0 to 75 percent acetonitrile in triethylammonium acetate buffer over 45 minutes. The masses of the oligonucleotides were confirmed using matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS) using 3-hydroxypicolinic acid as a matrix. All masses obtained agreed with the expected molecular weight within 20 Da (given in Table S1 ). Oligonucleotide concentration was calculated based on the extinction at 260 nm, using the extinction coefficients given in Table S1 that were calculated using the IDT Oligo Analyzer tool. DBCO-dT-TTTTTTTTTTTTTTTTTT 6188 154500 X = 1 DBCO-dT modifier or 2 C6 Amino modifier SS =5' C6 thiol modifier Sp = hexaethylene glycol spacer unit S1.2. Gold nanoparticle (AuNP) functionalization. DNA-functionalized AuNPs were prepared via modification of a previously reported method.
2 First, AuNP DNA was reduced in 100 mM dithiothreitol (DTT) (Invotrogen) for 1 hour at room temperature, after which DTT was removed using a Sephadex G-25 DNA grade size exclusion column (GE Healthcare) and the resulting product added to 10 nm diameter citrate capped AuNPs (Ted Pella) at a DNA concentration of approximately 3 μM (25 mL typical scale). The resulting mixture was incubated for 6 hours at room temperature, after which the salt concentration was increased to 0.5 M with 5 additions of 5 M NaCl at 40 minute intervals. Particles were vortexed and sonicated for 1 minute after each addition. After overnight incubation, the DNA-functionalized nanoparticles were purified using 3 rounds of centrifugation followed by resuspension in 1xPBS (pH=7.2). The final AuNP concentration was calculated based on their extinction at 520 nm (ε 520 =9.55x10 7 M -1 cm -1 ).
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S2. Synthesis and characterization of DNA-functionalized βgal conjugates S2.1. βgal cyanine dye labelling Lyophilized βgal (Roche) was resuspended in 1xPBS and washed five times using 100 kDa centrifugal filters (Millipore). The concentration of protein was measured by UV-vis spectroscopy (ε 280 =9.70x10 5 M -1 cm -1 ), and the sample was diluted to 10 μM using 1xPBS. Five equivalents of Cy5-maleimide or Cy5-NHS ester dyes (GE Healthcare Life Sciences) dissolved in anhydrous DMSO were added to the protein, and the reaction allowed to proceed for 1 hour at room temperature with shaking (750 rpm). The dye labeled protein was then washed with a 100 kDa spin filter 5 times, and further purified using a Sephadex G-25 DNA grade size exclusion column (GE Healthcare) to ensure to removal of unconjugated fluorophores. The ratio of the Cy5 extinction (ε 649 =250000 M -1 cm -1 ) to the extinction at 280 nm was recorded to enable quantification of protein concentration after DNA conjugation.
S2.2. Lysine functionalization.
βgal-l (4) was prepared by first reacting Cy5-maleimide modified βgal(-2) in 10 mM sodium phosphate buffer (0.5 M NaCl, pH=8) with 1200 equivalents of NHS-Azide (Thermo Fischer Scientific) at a protein concentration of 2 μM for 3 hours at room temperature. Azide labeled βgal was purified using Sephadex size exclusion and 10 rounds of centrifugal filtration, then reacted with 300 equivalents ‫׳5‬ DBCO "protein DNA" at 1 μM protein concentration for 48 hours at room temperature in 1xPBS + 0.3 M NaCl. Excess DNA was removed with 10 rounds of centrifugal filtration, and the protein concentration and DNA loading were quantified using the Cy5 (649 nm) and 260 nm extinction of the DNA labeled sample, and the ratio of Cy5 to protein extinction (280 nm) of the unlabeled protein.
S2.3. Cysteine functionalization.
Cy5-NHS ester labeled βgal was reacted with 1 mM TCEP for 1 hour at room temperature. Amine terminated "protein DNA" was reacted with 200 equivalents of sulfo-SPDP crosslinker ( Figure S2 ; Thermo Fischer Scientific) in 1xPBS + 1 mM EDTA for 1 hour at room temperature. Excess TCEP and SPDP were removed from the protein and DNA respectively by two rounds of size exclusion using Sephadex columns. Twenty equivalents of the resulting pyridyl disulfide terminated DNA was added to a 1 μM solution of the reduced βgal-Cy5, and the resulting reaction allowed to proceed for 16 hours at room temperature. Excess DNA was removed from the reaction with 10 rounds of centrifugal filtration. UV-vis extinction spectra were collected on a Cary5000 spectrophotometer in 1 cm quartz cuvette. The ratio of Cy5 extinction (649 nm) to protein extinction (280 nm) was recorded prior to DNA functionalization (grey). The Cy5 extinction of DNA labeled samples were used to calculate protein concentration, and the extinction at 260 nm to calculate DNA concentration, thereby giving an average value for the number of strands/tetramer. All traces of a single plot are normalized to the same protein concentration such that the maximum extinction of the DNA-labeled sample is 1 (A) βGal-1 (blue) and βGal-Cy5 (grey); (B) βGal-2 (red) and βGal-Cy5 (grey); (C) βGal-3 (blue) and βGal-Cy5 (grey); (D) βGal-2 (red); βGal-4 (purple) and βGal-Cy5 (grey). The expected spectrum of each fully folded DNA-functionalized conjugate (dark grey dashed lines) was calculated by summing the normalized spectrum of native βGal and free DNA. The above results show minimal deviations between expected and experimental spectra, indicating minimal changes to protein secondary structure in each case. Figure S6 . CD spectrum of unfolded βgal. To ensure that the difference in observed and calculated spectra for βgal-1 were not due to unfolding of βgal, we performed two unfolding experiments of the protein to investigate whether these differences were consistent with protein unfolding. A solution of 1 μM native βgal was heated to from 25 °C to 75 °C at a rate of 0.5 °C /min, and the CD spectra collected at 75 °C (left). Separately, a solution of 1 μM βgal in 8 M urea was heated at 75 °C , and its CD spectrum recorded at 20 °C . We then calculated an expected spectrum for the thermally and chemically denatured βgal-DNA conjugate by summing each spectrum with the spectrum of free DNA (right). The differences between native and denatured βgal+DNA spectra are inconsistent with the observed differences between experimental βgal-1 and βgal native + DNA. This indicates that the observed increase in ellipticity observed for βgal-1 between 215 nm and 225 nm is not a result of protein denaturation, and we therefore suggest this difference to be due to interactions of adjacent DNA strands on the protein surface. Table S2 is the error associated with the fit. Samples for small-angle X-ray scattering (SAXS) and electron microscopy (EM) analysis were prepared by first adding 100 equivalents of Protein Linker and 200 equivalents of AuNP Linker to 100 nM solutions of Protein and AuNPs in 1xPBS + 0.5M NaCl respectively, followed by the combination of 20 μL of each solution, which resulted in the formation of aggregates that settled out of solution within minutes. Samples were heated to a few degrees above their melting temperature and cooled at a rate of 0. 
S4.2. Electron microscopy imaging of βgal-AuNP lattices
Lattices were embedded in silica using a previously reported procedure to preserve their solution structure. 4 Upon suspension of 40 uL of slow cooled samples in 0.5 mL 1xPBS + 0.5 M NaCl, 2 μL of the quaternary ammonium salt, N-trimethoxysilylpropyl-N,N,N-trimethylammonium chloride (TMSPA) was added. The solution was vortexed and shaken at 750 rpm at room temperature for 15 minutes, after which 1 uL of triethyoxysilane was added. The reaction was shaken for 26 hours at room temperature, after which the samples were sonicated (15 seconds), then centrifuged at 15 000 rpm (5 seconds) to allow the aggregates to settle to the bottom of the tube. The supernatant was removed, and the lattices were resuspended in water. After repeating this process three times, the lattices were suspended in 100 uL water and deposited on a carbon coated Cu-mesh TEM grid (Ted Pella). Images were obtained using a 200 keV acceleration voltage on a Hitachi HD-2300 STEM. 
S4.4. Fluorescence-based measurement of lattice stoichiometry
A fluorescence based assay was used to measure the ratio of βgal:AuNP (lattice stoichiometry) for βGal-1 and 2 aggregates, where the Cy5 fluorophore on the protein was used to measure the protein concentration. As the lattice stoichiometry in binary gold-protein systems with a simple cubic AuNP arrangement has been previously reported to be 1:1, 1 this system was used to validate the assay. A fluorescence standard curve was obtained using free DNA-functionalized protein as the standard, in a matrix of 5 nM AuNP and 20 mM KCN. The fluorescence of each standard was measured (λ exc =649 nm and λ em =690 nm) with a plate reader (Biotek Synergy) in triplicate. A sample of 40 uL of slow cooled superlattice (50 nM building block concentration) was suspended in 1 mL 1xPBS + 0.5 M NaCl, briefly centrifuged (8000 rpm, 5 seconds) and resuspended in the same buffer 5 times to remove any protein or particles not associated with the lattice. After the fifth round of centrifugation, the aggregates were resuspended in 1 mL 1xPBS, and briefly heated (<20 seconds) at 37 o C to melt the lattice. Immediately, the concentration of AuNP were measured using the extinction of the solution at 520 nm. The fluorescence of the sample was then measured at 5 nM AuNP in 20 mM KCN in triplicate. The concentration of protein in the sample was then obtained from the standard curve, and divided by 5 nM AuNP to give the reported stoichiometry in the lattice. The error reported is the standard deviation of the triplicate measurements. 
S5. Small Angle X-ray scattering (SAXS) characterization and analysis
All SAXS measurements were performed at the Dow-Northwestern-Dupont Collaborative Access Team (DND-CAT) Beamline 51D-D at the Advanced Photon Source (APS) at Argonne National Laboratory. Slow-cooled lattices (typically 40 uL) were transferred into 1.5 mm quartz capillary tubes (Charles Supper) and X-ray data collected with a 10keV collimated beam calibrated against a silver behenate standard with a 0.1 second exposure time. Resulting twodimensional scattering patterns (collected on a CCD area detector) were azimuthally averaged to yield a 1 dimensional plot of intensity (I(q)) as a function of the scattering vector, q, where q is given as:
Here, λ is the wavelength of incident radiation and θ is half the scattering angle, 2θ. The structure factor, S(q), was obtained by dividing I(q) by the form factor of free 10 nm DNA functionalized AuNPs in 1xPBS + 0.5 M NaCl (collected at 50 nM with a 0.5 second exposure time). 
S6. Supplemental discussion of AB 2 lattice
Our observation AB 2 packing being favored in the case of βGal-2, and CsCl packing in the case of βGal-1 can be further understood in terms of the packing efficiency of each structure and the number of DNA bonding elements per unit volume. In the case of βGal-1, with 36 surface conjugated strands, the protein can form more DNA connections with 8 nearest neighbours per protein in a CsCl structure, as compared to 6 nearest neighbours in an AB 2 arrangement, and therefore CsCl packing is favored as it maximizes the number of hybridization events each protein can engage in. However, in the case of βgal-2 with only 8 DNA ligands, each of these 8 strands could form 8 DNA connections to neighboring AuNPs in both a CsCl and an AB 2 arrangement, despite the different number of nearest neighbors in both cases. In other words, βGal-2 does not forego any DNA connections by adopting an AB 2 arrangement (as would be the case with βgal-1), and therefore favors a structure that allows for a higher density of hybridization connections. In the case of AB 2 packing with βGal-2, the protein should have 16 DNA connection per unit cell of 32 590 nm 3 (4.9×10 -4 connections/nm 3 ), compared with 8 connections per 25 150 nm 3 a CsCl arrangement, or 3.2×10 -4 connections/nm 3 (if we assume the unit cell parameters observed with βGal-1). In nanoparticle systems, the magnitude of repulsion between adjacent particles of the same type within the AB 2 structure as compared to the free energy gain from increasing the number of DNA connections per unit volume by adopting a closer packed arrangements dictates whether a system will favor AB 2 over CsCl. Interesting, in the case of βGal-4, this repulsive force is the same as in the case of βGal-1, however the system favors AB 2 packing due to the low number and specific position of DNA modifications. It can be noted that for βGal-4, a narrower orientational distribution for the protein would be expected because of the increased repulsive interactions that result in a larger unit cell volume and therefore greater DNA-protein distance.
S7. Molecular dynamics model and approach
Our bead model of βgal-2-AuNP crystals is based on an extension of a previously introduced model, which has proved successful in recent joint experimental-numerical efforts in DNAmediated self-assembly, to include DNA-bounded proteins. 5 As discussed in section S7.1, we represent proteins, AuNP and DNA with (pseudo-atoms) beads with different diameters d i (Table S6 ). In the case of DNA, we introduced different types of beads: single-stranded (ssDNA), double-stranded (dsDNA), phosphate backbone, DNA sticky ends and flanking beads. The flanking beads are introduced to capture the saturation and directionality of sticky end hybridization. DNA was modelled with a bead chain as shown in Figure S16 . DNA chains were designed with two ssDNA beads to mimic the pyridyl disulfide linking region due to a known (bead) coarse model to represent such a chemical complex, 4 dsDNA beads (18 base pairs), three beads for the single stranded over hang (sticky end), with 6 flanking beads and 3 backbone beads. To preserve the DNA chain integrity we used a harmonic bond potential between subsequent beads:
Where k and r 0 are 82.5 k B T rad -2 and 1.68 nm, respectively. Also, we introduced a harmonic potential to preserve the relative angle between a consecutive pair of bonds:
With k θ and θ =  k B T rad -2 in the case of dsDNA-sticky end and ssDNA-dsDNA interactions.
For the remaining three cases (i) dsDNA-DNA sticky end -DNA sticky end, (ii) dsDNA -DNA backbone -DNA sticky end and (iii) flanking bead -backbone -flanking bead we set k θ =50, 100 and 120 k B T rad -2 , respectively.
Non-bonded interaction between nearby beads are captured with (shifted) LJ potential: Table S5 . All other pairs
S7.1. AuNP and Protein Model
To model DNA-AuNP conjugates we attached 160 DNA chains and 50 DNA chains without sticky ends onto the surface (275 pseudo-beads) of AuNPs. We modeled the DNA-protein conjugate as follows: first we identified the lysine and cysteine residues, which we represent with beads centered at the location of the nitrogen or sulfur atoms of each residue. We include beads centered on the nitrogen atoms of histidine residues to capture the protein shape with a minimal number of protein beads and avoid interpenetration between DNA chains and protein.
It must be noted that we assume that the shape of the protein remains unaffected during the selfassembly process and thus we used these beads to form rigid proteins in our simulations. Next, we attached 8 pyridyl disulfide terminated DNAs to these beads ( Figure S17 ). (i) Identification of surface exposed cysteine (red spheres) and lysine (blue sphere) residues that constitute the (rigid) protein and (ii) the attachment of DNA to solvent exposed cysteine residues.
S7.2. Simulation Protocol
A GPU-oriented and HOOMD package was used for all simulations. We performed multiple simulations in the NPT (Nosé-Hoover barostat) ensemble with 81 nanoparticles and proteins starting from positional arrangements close to the experimental AB 2 structure but with proteins randomly oriented. We set three pressure P =0 δp and allowed the system to equilibrate after t eq = 5 × 10 7 Δt at T = 0.9 -1.4 k B T, where Δt = 5 × 10 − 4 δt (approximately 15 hours in NIVDIA Tesla K10 amd K80 GPUs). In reduced units, δt = √(mσ 2 ⁄ ϵ), where m is a unit of mass. The temperatures are close to the melting temperature to avoid structural melting and particle diffusion.
S7.3 Phase Stability via Molecular Dynamics Simulations
We performed zero-pressure NPT simulations to test stability of the AB 2 packing arrangement of DNA functionalized AuNPs (160 DNAs per AuNP) and βGal-2. This approach permits simulation box distortions that allowed local undesired stresses to heal throughout the structure, and phase transformations towards relatively more stable phases. Simulations contained between 24 or 81 nanoparticles and proteins and were initialized in ideal configurations according to the experimentally observed AuNP position with proteins in their ideal lattice sites. By scanning through different temperatures with multiple seeds for each temperature, we were able identify melting temperature of the experimentally observed packing. For this system, simulations revealed a melting temperature T m ~1.25 k B T, and we observed minimal fluctuations in nanoparticle and protein position, suggesting the stability of the experimentally observed phase. Further, simulations of βGal-2 in a CsCl arrangement showed that this structure is significantly less stable, with a melting temperature of approximately 0.9 k B T, presumably a result of the lower DNA bond density in the structure.
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Figure S18. Hexagonal arrangement of AuNPs. Regions 1 and 2 correspond to those occupied by proteins in the AB 2 binary superlattice.
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S7.4 Protein Orientation in the AB 2 Binary Superlattice
NPT simulations showed that proteins exhibit a trend towards a preferential orientation with the protein's long axis parallel to the c-axis in the AB 2 binary superlattice, however, box expansion when switching from NVT to NPT ensemble leads to undesired protein orientations that might not be healed in simulation time. Thus, to identify the preferred protein orientation, we instead performed NVT simulations for different box dimensions close to those obtained in isobaric (NPT) simulations at temperature close to 1.1 k B T to allow for both DNA hybridization and particle diffusion. Each simulations contains around 81 AuNP and proteins initially randomly oriented ( Figure S19 A and B) . After equilibration, multiple frames are collected to extract orientation of the protein. The protein orientation was identified by obtaining the three eigenvectors from the inertia tensor of the protein (Fig. S19) . We analyzed the distribution of angles between the c-axis of the eigenvector that is parallel to the longest axis of the protein. 
